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ABSTRACT 

An a n a l y t i c a l  s t u d y  was conducted o f  a u x i l i a r y  a i r b r e a t h i n g  
eng ines  f o r  a rocket-powered space  s h u t t l e .  The purpose was t o  
f i n d  the t h e o r e t i c a l  optimum eng ines .  Only t u r b o f a n s  were con- 
s i d e r e d  for t h e  b o o s t e r  because  o f  l ong  c r u i s e  t imes .  T u r b o j e t s  
and t u r b o f a n s  were cons ide red  f o r  the o r b i t e r .  The f i g u r e  of  . 
merit was f u e l  and eng ine  weight p e r  pound o f  n e t  t h r u s t .  

Turbofans were about  35 p e r c e n t  bet ter  t h a n  t u r b o j e t s  f o r  
the o r b i t e r .  For  bo th  s t a g e s ,  hydrogen was about  45 p e r c e n t  
be t te r  than  kerosene .  To demonst ra te  the e f fec t  of  improvements 

This  lowered the f i g u r e  o f  m e r i t  about  20 p e r c e n t .  However, 
i n c r e a s i n g  t u r b i n e - i n l e t  t empera tu re  showed l i t t l e  improvement. 

i n  eng ine  technology,  engine  weight  was decreased  by one-ha l f .  4 
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BY 
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and 

John B. Whitlow, Jr. 

SUMMARY 

An a n a l y t i c a l  eng ine  performance s t u d y  was conducted t o  d e t e r -  
mine the best  a u x i l i a r y  a i r b r e a t h i n g  eng ines  f o r  a r o c k e t  powered 
space  s h u t t l e .  These eng ines  a r e  used t o  a l low the two s t a g e s  t o  
r e a c h  a l a n d i n g  s i t e  and land .  Turbofans were examined f o r  the 
b o o s t e r  s t a g e  b u t  b o t h  t u r b o j e t s  and t u r b o f a n s  were cons ide red  f o r  
the o r b i t e r .  Kerosene and l i q u i d  hydrogen f u e l s  were compared and 
the e f fec ts  of  eng ine  weight and d e s i g n - t u r b i n e - i n l e t  t empera tu res  
were s t u d i e d .  The t u r b i n e -  i n l e t  t empera tu res  examined v a r i e d  from 
2100 t o  2500O F (1148 t o  1370' C) f o r  kerosene  and from 2500 t o  
3500O F (1370 t o  1925O C) f o r  hydrogen. Engine weight  and c o o l i n g  
a i r  b l e e d  were n o t  a f u n c t i o n  o f  d e s i g n - t u r b i n e - i n l e t  t empera tu re .  
I n s t a l l a t i o n  p e n a l t i e s ,  t a k e - o f f  performance, f e r r y  range ,  and non- 
s t a n d a r d  days were n o t  cons ide red .  The f i g u r e  of  meri t  was f u e l  
and eng ine  weight ,  p e r  pound of  n e t  c r u i s e  t h r u s t .  Cru i se  t imes  up 
t o  2 .0  hour s  f o r  the b o o s t e r s  and up t o  30 minutes  f o r  the o r b i t e r  
were cons ide red .  

R e s u l t s  of  the  s t u d y  show t h a t  the  use  o f  hydrogen f u e l  
i n s t e a d  o f  kerosene  w i l l  improve t h e  f i g u r e  of  meri t  about  45 per -  
c e n t .  Another way t o  improve t h e  f i g u r e  of  meri t  i s  t o  reduce  
eng ine  weight. A 50 p e r c e n t  r e d u c t i o n  i n  engine  weight gives an 
improvement o f  20 t o  25 p e r c e n t .  If a l i g h t e r  engine means s h o r t e r  
eng ine  l i f e ,  it s t i l l  may be a c c e p t a b l e  s i n c e  the runn ing  t i m e  p e r  
miss ion  i s  n o t  v e r y  long  and f e w  mis s ions  p e r  yea r  a r e  p lanned .  

Only s m a l l  improvements were r e a l i z e d  by i n c r e a s i n g  the des ign  
t u r b i n e -  i n l e t  t empera tu re  e Since  the h i g h  tempera ture  eng ines  have 
g r e a t e r  t h r u s t  p e r  pound o f  a i r f l o w ,  eng ine  s i z e  i s  reduced  and 
i n t e g r a t i o n  w i t h  the r o c k e t  vehicle w i l l  be f a c i l i t a t e d .  This 
e f fec t  was n o t  ana lyzed  i n  t h i s  study., 



Turbofans demonstrated a 35 p e r c e n t  improvement over  t u r b o j e t s  
However, o n l y  f u l l  power o p e r a t i o n  was con- f o r  the o r b i t e r  s t a g e .  

s i d e r e d .  If p a r t  power c r u i s e  performance were cons ide red  some 
change i n  t h i s  comparison could  r e s u l t .  

INTRODUCTION 

There i s  c u r r e n t l y  a s t r o n g  i n t e r e s t  i n  a r e - u s a b l e  o r b i t a l  
b o o s t e r  o r  "space s h u t t l e . "  Such a vehicle would have many uses .  
For i n s t a n c e ,  it could  be used t o  launch  s a t e l l i t e s  o r  t o  s h u t t l e  
men and s u p p l i e s  t o  and from a space  s t a t i o n .  I n t e r e s t  i n  t h i s  
concept  i s  s t i m u l a t e d  by a p o s s i b l e  r e d u c t i o n  i n  c o s t .  If the 
same vehicle can be r e u s e d  many t i m e s ,  i n s t e a d  of  d i s c a r d e d  a s  i s  
done now, the c o s t  o f  o p e r a t i o n  can be reduced ,  

For  t h i s  s t u d y  the space  s h u t t l e  was cons ide red  t o  be a two- 
s t a g e  rocket-powered v e h i c l e  which was launched v e r t i c a l l y .  Af te r  
s e p a r a t i o n  of the o r b i t e r  s t a g e ,  the b o o s t e r  s t a g e  w i l l  descend 
and d e c e l e r a t e  t o  a good c r u i s e  a l t i t u d e  and Mach number. It w i l l  
t hen  u s e  i t s  a u x i l i a r y  a i r b r e a t h i n g  eng ines  t o  c r u i s e  t o  a l a n d i n g  
f i e l d ,  such  a s  t h e  launch  s i t e ,  s e v e r a l  hundred m i l e s  away and per -  
form a conven t iona l  h o r i z o n t a l  l and ing .  The second s t a g e  con t inues  
i n t o  o r b i t  under i t s  own r o c k e t  power. After  d e l i v e r i n g  i t s  pay- 
load  i n  space ,  it r e t u r n s  t o  E a r t h  and l a n d s  a t  some p r e s e l e c t e d  
a i r f i e l d  i n  a conven t iona l  manner. Some s m a l l  amount of  c r u i s e  may 
be r e q u i r e d  b e f o r e  l a n d i n g  depending on the accuracy  of  the re- 
e n t r y .  The a i r b r e a t h i n g  eng ines  may be used f o r  go-around or  f e r r y  
mis s ions  a l s o .  

I t  i s  the purpose of  t h i s  r e p o r t  t o  a n a l y t i c a l l y  i n v e s t i g a t e  
a i r b r e a t h i n g  engine  c y c l e  pa rame te r s .  The a n a l y s i s  c o n s i d e r s  
engine  type ,  f u e l  t ype ,  design-  t u r b i n e - i n l e t  t empera ture ,  and 
o t h e r  c y c l e  v a r i a b l e s .  Optimum v a l u e s  a r e  de f ined  and s e n s i t i v i t y  
t o  d e p a r t u r e s  f rom the optimum a r e  i n v e s t i g a t e d .  

A c r u i s e  des ign  p o i n t  o p t i m i z a t i o n  was c a r r i e d  o u t  t o  mini- 
mize f u e l  p l u s  engine  weight, p e r  pound of  c r u i s e  t h r u s t ,  f o r  
v a r y i n g  l e n g t h s  o f  c r u i s e  t i m e .  By no rma l i z ing  the r e s u l t s  w i t h  
r e s p e c t  t o  t h r u s t ,  the a n a l y s i s  i s  a p p l i c a b l e  t o  any o f  the many 
s h u t t l e  des igns .  For t h e  purpose of  c e n t e r i n g  the engine  weight 
c a l c u l a t i o n s  around some r e a s o n a b l e  s ize ,  a t y p i c a 1 , f l i g h t  con- 
d i t i o n  and l eve l  of  c r u i s e  t h r u s t  was p icked  f o r  the b o o s t e r  and 
$he o r b i t e r .  
pounds (11 300 kg) a t  20 000 f e e t  (6100 m) and Mach 0.4 f o r  the 
b o o s t e r  and 20 000 pounds (9160 kg) a t  s e a - l e v e l  and Mach 0.3 f o r  
the o r b i t e r .  Based on these t h r u s t  levels ,  engine  des ign  a i r f l o w  
was c a l c u l a t e d .  T h i s  gave an i n d i c a t i o n  of  the r e l a t i v e  p h y s i c a l  
s i z e  o f  the eng ines .  No a t t empt  was made t o  e v a l u a t e  the a c t u a l  
p h y s i c a l  s i z e  of  the eng ines  o r  the i n s t a l l a t i o n  e f fec ts .  

The t h r u s t  l e v e l  (per  engine)  p icked  was 2 5  000 
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All the eng ines  were opt imized  f o r  kerosene  and f o r  l i q u i d  
hydrogen f u e l .  Three t u r b i n e - i n l e t  t empera tu res  were examined 
for each  f u e l .  They were 2100, 2300, and 2500' F (1148, 1260, 
and 1370' C) f o r  J P  and 2500, 3000, and 3500O F (1370, 1648, and 
1925O C) f o r  hydrogen f u e l .  No weight o r  c o o l i n g  b l e e d  a i r  
p e n a l t i e s  were assumed a s  des ign  t u r b i n e - i n l e t  t empera tures  
i n c r e a s e d .  This o p t i m i s t i c  assumption was made i n  o r d e r  t o  d e f i n e  
the maximum p o s s i b l e  b e n e f i t s  a c h i e v a b l e  w i t h  high t empera tu re  
eng ines .  
and c a l c u l a t e d  a t  two leve ls  o f  technology.  

A l l  the engine  weights were based  on des ign  parameters  

Only t u r b o f a n s  were cons ide red  f o r  the b o o s t e r  because of 
the long  c r u i s e  t ime,  The c y c l e  pa rame te r s  op t imized  were bypass  
r a t i o ,  o v e r a l l  compressor p r e s s u r e  r a t i o ,  and f a n  p r e s s u r e  r a t i o .  
I n  a d d i t i o n  t o  the  aomparisons between f u e l  t ype ,  t u r b i n e - i n l e t  
t empera ture ,  and eng ine  weight ,  s e v e r a l  p a r t i a l l y  opt imized  Iarbo- 
f a n s  w i t h  f i x e d  bypass  r a t i o s  were compared t o  the optimum 
eng ines .  This demonstrated the s e n s i t i v i t y  o f  the f i g u r e  o f  m e r i t  
t o  non-optimum eng ine  c y c l e  parameters .  

Both t u r b o f a n s  and t u r b o j e t s  were cons ide red  f o r  the o r b i t e r .  
The engine  pa rame te r s  op t imized  f o r  the t u r b o f a n  were the same a s  
mentioped f o r  the b o o s t e r .  
op t imized  f o r  the t u r b o j e t s .  The optimum t u r b o f a n  eng ines  us ing-  
hydrogen f u e l  were compared t o  the optimum t u r b o j e t  eng ines  and , 

t o  three o t h e r  t u r b o f a n  eng ines  which a l l  s h a r e d  the same g a s  
g e n e r a t o r .  

Only compressor p r e s s u r e  r a t i o  was 

METHOD OF ANALYSIS 

The best  a l t i t u d e  and Mach number f o r  the subson ic  c r u i s e  o f  
the b o o s t e r  cannot  be determined p r e c i s e l y  f o r  a g e n e r a l  s t u d y .  
So the a l t i t u d e  and Mach number were chosen t o  be 20 000 f ee t  
(6100 m) and 0.4, r e s p e c t i v e l y .  The o r b i t e r  s t a g e  o f  the s h u t t l e  

w i l l  use  a i r b r e a t h i n g  eng ines  d u r i n g  or j u s t  s h o r t l y  p r i o r  t o  
l and ing .  For t h i s  r eason  the a l t i t u d e  was cholsen a s  s e a - l e v e l  
and the Mach number a s  0-3.  

The two f u e l s  examined were kerosene  (JP) and l i q u i d  hydrogen 
(H2). J P  i s  the most common j e t  f u e l  i n  use  today  b u t  H2 is the 
pr imary  r o c k e t  f u e l  f o r  the s h u t t l e .  So, b o t h  f u e l s  have advan- 
t a g e s .  The o n l y  d i f f e r e n c e  t h a t  w i l l  show up i n  t h i s  s t u d y  i s  
f u e l  weight which i s  r e l a t e d  t o  the d i f f e r e n c e s  i n  h e a t i n g  value.  
No s t o r a g e ,  volume, o r  f u e l  system weight changes were cons idered .  
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Choice of  Engine Type  

Boos ter .  - Since  t h e  b o o s t e r  must f l y  hundreds of  m i l e s  a t  
subson ic  speed t o  r e a c h  i t s  l and ing  s i t e  a f t e r  o r b i t e r  s e p a r a t i o n ,  
s p e c i f i c  f u e l  consumption (SFC) i s  v e r y  impor tan t .  L o g i c a l l y  then ,  
the  tu rbofan  engine  was chosen t o  be s t u d i e d  f o r  the b o o s t e r .  
Engine weight  i s  a l s o  impor tan t ,  bu t  f o r  a t r i p  of  a f e w  hundred 
miles,  it i s  o f  secondary importance compared t o  the '  f u e l  weight .  

Orbi te r .  - The c r u i s e  t i m e  f o r  the  o r b i t e r  i s  even less  
de f ined  than  t h a t  o f  the  b o o s t e r .  
the eng ines  may o n l y  i d l e  a s  a s a f e t y  f a c t o r .  If t h e  r e - e n t r y  i s  
n o t  s o  a c c u r a t e  or i f  more f l e x i b i l i t y  i s  d e s i r e d ,  t h e  eng ines  
could o p e r a t e  f o r  up t o  30 minutes .  But a s  the t i m e  f o r  engine  
o p e r a t i o n  approaches zero ,  s o  does the f u e l  consumed. A t  some 
s h o r t  t ime  engine  weight  t e n d s  t o  be more impor t an t  t h a n  f u e l  weight  
and hence SFC. For th i s  r eason  t h e  choice  o f  engine  t y p e  f o r  t h e  
o r b i t e r  was n o t  obvious and b o t h  t u r b o j e t s  and t u r b o f a n s  w e r e  
s t u d i e d .  

If a p i n  p o i n t  r e - e n t r y  is made, 

Engine Weight C a l c u l a t i o n s  

A l l  t h e  engine  weights were based on an e m p i r i c a l  method 
which c o r r e l a t e s  many e x i s t i n g  engines .  The method c h a r a c t e r i z e s  
the 'engines i n  terms o f  t o t a l  a i r f l o w ,  des ign  t u r b i n e - i n l e t  
t empera ture ,  o v e r a l l  compressor p r e s s u r e  r a t i o ,  bypass  r a t i o ,  and 
yea r  o f  e n t r y  i n t o  service.  The des ign  c y c l e  parameters  a t  c ru ise  
a r e  c o r r e c t e d  back t o  s e a - l e v e l - s t a t i c  c o n d i t i o n s  f o r  the weight  
c a l c u l a t i o n s .  I n  t h i s  s t u d y  t h e  yea r  was h e l d  c o n s t a n t  z t  1972 
f o r  c o n s i s t e n c y  and t h e  t u r b i n e - i n l e t  t empera ture  f a c t o r  was h e l d  
f i x e d  i n  o r d e r  t o  d e f i n e  the maximum b e n e f i t s  ach ievab le  w i t h  
h i g h  t empera tu re  eng ines .  

The engine  weights c a l c u l a t e d  i n  t h i s  r e p o r t  a r e  e s t i m a t e d  
t o  be 1972 c r u i s e  engine ,  or l ong  l i f e ,  techn6logy and are 
r e f e r r e d  t o  a s  a weight f a c t o r  o f  1 .0 .  An example c a l c u l a t i o n  
t o  demonst ra te  how the method a g r e e s  w i t h  a r e a l  engine  shows 
t h a t  a h y p o t h e t i c a l  engine  hav ing  the same c y c l e  c h a r a c t e r i s t i c s  
as  a TF-39 and coming i n t o  service i n  1972 would weigh 6015 
pounds (2730 kg) .  If t h i s  h y p o t h e t i c a l  engine  came i n t o  service 
i n  1968 a s  the TF-39 a c t u a l l y  d id ,  it was c a l c u l a t e d  t o  weigh 
7736 pounds (3500 kg) .  The TF-39 a c t u a l l y  weighs 7286 pounds 
(3300 kg) . 

The. c a l c u l a t e d  we igh t s  were sometimes reduced by 50 p e r c e n t  
and r e f e r r e d  t o  a s  an engine  w i t h  a weight  f a c t o r  o f  0.5. This 
c o u l d  be cons ide red  t o  cor respond t o  a 1972 c r u i s e  t y p e  engine  
t h a t  h a s  been l i g h t e n e d  by 50 p e r c e n t ,  w i t h  p robably  sho r t ened  

4 



P 

l i f e ,  o r  t o  a new c r u i s e  eng ine  o f  advanced technology t h a t  i s  s t i l l  
further i n  the f u t u r e .  
r e p o r t  s t r i c t l y  a s  a means o f  showing the e f f ec t  o f  eng ine  weight  on 
performance.  

Whatever it may be, it was used i n  t h i s .  

Performance C a l c u l a t i o n s  

While the n e t  t h r u s t  r e q u i r e d  cannot  be de f ined  p r e c i s e l y  a t  
t h i s  t i m e ,  a v a l u e  was p i cked  t h a t  seemed reasonab le  based  on 
reference 1. This was done s o  t h a t  engine  a i r f l o w ,  which i s  neces- 
s a r y  f o r  engine  weight c a l c u l a t i o n s ,  could  be c a l c u l a t e d .  The ne t ,  
t h r u s t  p e r  engine  used i n  t h i s  s t u d y  was 25 000 pounds (11 300 kg) 
f o r  the  b o o s t e r  a t  i t s  c r u i s e  c o n d i t i o n  and 20 000 pounds (9160 kg) 
for the  o r b i t e r  a t  i t s  c r u i s e  c o n d i t i o n .  

Tkrbofan. - Engine performance was c a l c u l a t e d  for fu l l -power  
des ign  p o i n t  o p e r a t i o n  a t  the c r u i s e  c o n d i t i o n s .  Two-spool eng ines  
were assumed. Both t u r b i n e  e f f i c i e n c i e s  were fixe'd a t  0 .9  and t h e  
fan  and compressor e f f i c i e n c i e s  were h e l d  a t  0.88 aFd 0.86, respec-  
t i v e l y .  Part-power performance was n o t  cons ideredd .n  t h i s  s tudy .  
Cool ing  a i r  b l e e d  was assumed t o  be  0.0 f o r  a l l  the  eng ines  s o  t h a t  
the  h igh- tempera ture  eng ines  would n o t  be p e n a l i z e d .  

After c a l c u l a t i n g  the t h r u s t  per pound o f  a i r  (FN&)CR a t  
c r u i s e  t h e  a c t u a l  c r u i s e  a i r f l o w  (Wa)CR was determined s i n c e  the 
r e q u i r e d  t h r u s t  (FN)cR had been assumed. T r a n s l a t i n g  the  des ign  
pa rame te r s  t o  s e a - l e v e l - s t a t i c  c o n d i t i o n s  al lowed the engine  
weight (WE) t o  be c a l c u l a t e d  by  the method d i scussed .  For any 
g iven  f l i g h t  t i m e  i n  hours ,  the weight  o f  c r u i s e  f u e l  p e r  pound 
o f  c r u i s e  t h r u s t  (WF/FN) CR was determined by m u l t i p l y i n g  the 
s p e c i f i c  f u e l  consumption (SFC) by t i m e .  

(WF/FN)CR = SFC x Time  

Adding t o  t h i s  the weight o f  eng ine  p e r  pound o f  c r u i s e  t h r u s t  
(WE/FNCR) gives the f i g u r e  o f  meri t  t h a t  was minimized i n  t h i s  
s t u d y .  

w +WF 
CR E 

FNCR 

F igure  of  m e r i t  = 

Given time, f u e l  t ype ,  weight f a c t o r ,  and t u r b i n e - i n l e t  tempera- 
t u r e ,  the f i g u r e  o f  meri t  was minimized by v a r y i n g , t h e  o v e r a l l  com- 
p r e s s o r  p r e s s u r e  r a t i o ,  f a n  p r e s s u r e  r a t i o ,  and bypass  r a t i o  i n d i -  
v i d u a l l y  and r e p e a t e d l y .  

T u r b o j e t .  - The t u r b o j e t  was s t u d i e d  i n  the same way a s  the 
t u r b o f a n .  However, o n l y  the compressor p r e s s u r e  r a t i o  was 
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opt imized .  The e f f i c i e n c i e s  o f  t h e  compressor and t u r b i n e  were 
f i x e d  a t  0.86 and 0.90, r e s p e c t i v e l y .  The f i g u r e  o f  meri t  used 
i n  t h i s  r e p o r t  i s  u s e f u l  s i n c e  it i s  n e a r l y  independent  o f  the 
actual-  l eve l  o f  t h r u s t .  
o f  t h e  many v e h i c l e  c o n f i g u r a t i o n s  be ing  cons idered  a t  t h i s  t i m e .  

The t h r u s t  r equ i r emen t s  a r e  vague because 

RESULTS AND DISCUSSION 

The f i rs t  s e c t i o n  of  t h e  R e s u l t s  and Di scuss ion  concerns '  the 
b o o s t e r  s t a g e  o f  the s h u t t l e .  The e f f ec t  of  d e s i g n - t u r b i n e - i n l e t  
t empera tu re  (T4), engine  weight ,  and f u e l  t y p e  on the f i g u r e  of 
m e r i t  a r e  examined f o r  d ry  tu rbofan  eng ines .  
concerns t h e  o r b i t e r  s t a g e  o f  t h e  s h u t t l e .  Both d r y  t u r b o j e t s  
and d r y  t u r b o f a n s  a r e  cons idered  i n  t h i s  s e c t i o n .  The eng ines  
s t u d i e d  i n  t h i s  r e p o r t  were always comple te ly  opt imized  a t  each  
t i m e  u n l e s s  no ted  d i f f e r e n t l y .  

The second s e c t i o n  

Boos ter  

All the  b o o s t e r  performance c a l c u l a t i o n s  were made a t  20 000 
f e e t  (6100 m) and Mach 0 .4  u s i n g  d ry  t u r b o f a n  eng ines  on ly .  

Turbofan u s i n g  J P  f u e l .  - Figure  1 shows t h e  f i g u r e  o f  meri t  
(engine p l u s  f u e l  weight, p e r  pound of  des ign  thrust) p l o t t e d  
v e r s u s  c r u i s e  t i m e  i n  hour s .  A t  a weight f a c t o r  of 1 .0 ,  the 
f i g u r e  o f  meri t  v a r i e s  from 0.88 t o  1 .33 a s  t i m e  i n c r e a s e s  f rom 
1 . 0  t o  2 . 0  hour s  a t  a T4 o f  2100O F (1148O C ) .  
i n c r e a s e d  t o  2500O F (1370O C) the f i g u r e  o f  m e r i t  improves by 
9 . 1  p e r c e n t  a t  1 . 0  hour s  and 6 . 1  p e r c e n t  a t  2 . 0  hours .  This 
improvement i s  sma l l ,  b u t  it i s  t h e  most t o  be expec ted  because 
o f  the o p t i m i s t i c  assumptions of  no i n c r e a s e  i n  eng ine  weight  o r  
c o o l i n g  a i r  b l e e d  f o r  higher t empera tu re  eng ines .  

When T4 i s  

The improvements from i n c r e a s i n g  T4 by 400° F (222' C) a r e  
r a t h e r  s m a l l  aga in  f o r  the weight  f a c t o r  0.5 eng ines .  T h i s  i s  
e v i d e n t  from look ing  a t  the  lower s e t  of  c u r v e s  i n  t h i s  f i g u r e .  
However, i f  T4 i s  h e l d  a t  2500O F (1370O C) and the engine weight 
is reduced  by 50 p e r c e n t ,  the f i g u r e  o f  merit i s  improved by 22.6 
p e r c e n t  a t  1.0 hours  and 18 .4  p e r c e n t  a t  2.0 hours .  T h i s  i s  more 
than  twice the improvement ob ta ined  by i n c r e a s i n g  T4 by 400' F 
(222O C ) .  Although f u e l  consumption o f  a g iven  engine  v a r i e s  
l i n e a r l y  w i t h  t i m e ,  none o f  the curves  i n  f i g u r e  1 a r e  s t r a i g h t  
l i n e s .  T h i s  i s  because  the engine  des ign  parameters  a r e  c o n s t a n t l y  
changing w i t h  t i m e .  

F igu re  2 shows the engine  pa rame te r s  f o r  the optimuT eng ines  
a t  a weight f a c t o r  o f  1 . 0  and a T4 of  2500' F (1370O e ) .  Also  

P 
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shown is  a curve  f o r  a bypass  r a t i o  4 eng ine  which w i l l  be d i s c u s s e d  
l a t e r .  

A t  1 .0  hour s  the optimum bypass  r a t i o  i s  8.0 and a t  2.0 hours  
it i s  15.0.  Overa l l  compressor p r e s s u r e  r a t i o  v a r i e s  between 23.0 
and 30.0 and f a n  p r e s s u r e  r a t i o s  v a r y  between 1.5 and 3.0 over  the 
same t i m e  span .  SFC is f o r c e d  down from 0.48 t o  0.425 h r - l  a s  the 
c r u i s e  t i m e  i n c r e a s e s  from 1 .0  t o  2 .0  hour s .  T h i s  i s  because the 
f u e l  weight  i s  becoming more impor t an t  a t  the  longe r  c r u i s e  t i m e s .  
The sea- leve l -s ta t ic  a i r f l o w  n e c e s s a r y  t o  ach ieve  25 000 pounds 
(11 300 kg) n e t  t h r u s t  a t  20 000 f ee t  (6100 m) i n c r e a s e s  f rom 1800 
t o  2850 lb/sec (820 t o  1290 kg/sec) a s  the time i n c r e a s e s  from 1 . 0  
t o  2.0 hours .  These v e r y  l a r g e  a i r f l o w s  r e s u l t  i n  l a r g e  d iameter  
eng ines  which i n  t u r n  cou ld  encounter  problems i n  a r e a s  such  a s  
e x t e r n a l  d r a g  and i n s t a l l a t i o n .  

The th rus t - to -we igh t  r a t i o  i s  shown f o r  r e f e r e n c e .  However, 
it i s  the t h r u s t  a t  c r u i s e  c o n d i t i o n s  n o t  s e a - l e v e l - s t a t i c  t h r u s t  
t h a t  i s  i n  the numerator of  the  th rus t - to -we igh t  r a t i o .  It is 
p r e f e r a b l e  t o  show the th rus t - to -we igh t  r a t i o  i n  terms o f  s e a l - l e v e l -  
s t a t i c  c o n d i t i o n s  b u t  the  accuracy  o f  c o r r e c t i n g  c r u i s e  t h r u s t  t o  
s e a - l e v e l - s t a t i c  t h r u s t  w i thou t  an a n a l y s i s  of o f f  des ign  p e r f o r - ,  
mance was cons ide red  inadequa te .  The th rus t - to -we igh t  r a t i o  shown 
d e c r e a s e s  from about  3 . 1 t o  2 .5  f o r  the optimum eng ines  a s  t i m e  
i n c r e a s e s  f rom 1 . 0  t o  2 .0  hour s .  The l a r g e  optimum bypass  r a t i o  
a t  2 .0  hour s  i s  the main cause  f o r  the d e c r e a s e  i n  t h r u s t - t o - w e i g h t  
r a t i o .  

F i g u r e  3 d i s p l a y s  the e f f ec t  o f  p a r t i a l  o p t i m i z a t i o n  a t  a 
weight f a c t o r  of 1 . 0  and a T4 of  2500O F (1370O C ) .  The bypass  
r a t i o  was f i x e d  a t  2 .0  and 4.0, and the o t h e r  eng ine  pa rame te r s  
were opt imized .  The curve  f o r  t h e  bypass  r a t i o  o f  4 shows t h a t  
the f i g u r e  o f  m e r i t  h a s  been degraded o n l y  3 .0  p e r c e n t  a t  1 .0  
hour s  and 10 .4  p e r c e n t  a t  2.0 hour s  compared t o  the optimum eng ines .  
The bypass  r a t i o  2.0 engine  i s  a l i t t l e  worse.  These f i x e d  bypass  
r a t i o  eng ines  were cons ide red  i n  o r d e r  t o  compare the i r  des ign  
pa rame te r s  t o  t h o s e  of the optimum eng ines .  

R e t u r n i n g  t o  f i g u r e  2 ,  the  cu rves  l a b e l e d  bypass  r a t i o  4 
demonst ra te  no s i g n i f i c a n t  changes i n  des ign  pa rame te r s  when com- 
pa red  t o  the optimum eng ines ,  excep t  t h a t  the  f a h  p r e s s u r e  r a t i o  
i s  higher and the a i r f l o w  lower.  The a i r f l o w  is  about  1240 lb/  
sec (562 kg/sec) a t  c r u i s e  t i m e s  from 1 . 0  t o  2.0 hours .  This i s  
a r e d u c t i o n  of  33 p e r c e n t  a t  1 . 0  hour s  and 56 p e r c e n t  a t  2.0 hours  
from the optimum eng ine  leve l .  So the bypass  r a t i o  4 eng ines  
shou ld  p r e s e n t  fewer problems w i t h  r e s p e c t  t o  i n s t a l l a t i o n  and 
d r a g  than  the optimum eng ines  i f  the higher f a n  p r e s s u r e  r a t i o  
does n o t  cause  a problem, 
pa rame te r s  can d e p a r t  s i g n i f i c a n t l y  f rom the optimum wi thou t  much 
p e n a l t y  i n  the f i g u r e  o f  mer i t .  

I t  i s  c l e a r ,  however, t h a t  eng ine  des ign  
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Turbofan u s i n g  H2 f u e l .  - Figure  4 shows the r e s u l t s  o f  o p t i -  
miz ing  t u r b o f a n  eng ines  a t  a weight f a c t o r  o f  1 . 0  u s i n g  H2 fue l . .  
Three T4 t empera tu res  a r e  shown, each 500’ F (278O C) a p a r t .  The 
lower three curves a r e  f o r  t h e  comple te ly  opt imized  eng ines  a t  the 
t empera tu res  noted .  The two dashed curves a r e  f o r  eng ines  t h a t  
have been opt imized  a t  the  f i x e d  bypass  r a t i s n o t e d .  A s i n g l e  
weight  f a c t o r  o f  1 . 0  i s  used because the  effect  o f  engine  weight 
i s  e s s e n t i a l l y  the same a s  it was f o r  the J P  t u r b o f a n s .  A t  .a T4 
of 2500O F (1370O C ) ,  the f i g u r e  of  mer i t  v a r i e s  from 0.45 a t  
1 . 0  hour s  t o  0 .66  a t  2.0 hours .  
improves the f i g u r e  o f  m e r i t  by  11 p e r c e n t  a t  1.0 hour s  and 10 per -  2 

c e n t  a t  2.0 hour s .  The improvement i s  s m a l l  f o r  so  l a r g e  a change 
i n  T4 e s p e c i a l l y  s i n c e  the h i g h  tempera ture  eng ines  were n o t  
p e n a l i z e d  i n  any way. 

I n c r e a s i n g  T4 t o  3500O F (1925O C) 

F i x i n g  the bypass  r a t i o  a t  4 and r e -op t imiz ing  the o t h e r  
pa rame te r s  a t  a T4- o f  2500O F (1370O C) degrades  the f igure o f  
merit by 2.2 p e r c e n t  a t  1 . 0  hour s  and 3 .1pe rcen - t  a t  2 .0  hour s  
compared t o  the optimum eng ines  a t  t h e  same T4. The p a r t i a l l y  
opt imized  eng ines  a t  a f i x e d  bypass  r a t i o  of  2 .0  a r e  s l i @ t l y  
worse than t h o s e  a t  a bypass  r a t i o  of  4.0. 

F i g u r e  S compares optimum des ign  pa rame te r s  f o r  eng ines  hav- 

Because t h e  h e a t i n g  v a l u e  of  H2 is h i g h e r  than  f o r  
i n g  u n r e s t r i c t e d  bypass  r a t i o s  and t h o s e  where the r a t i o  i s  
f i x e d  a t  4.0. 
JP,  good SFC can be achieved  a t  lower bypass  r a t i o s  w i t h  H2 f u e l  
t han  w i t h  J P  f u e l .  A s  a r e s u l t ,  t h e  optimum bypass  r a t i o s  a r e  
lower f o r  the H2 f u e l e d  eng ines  and the o t h e r  optimum eng ine  
pa rame te r s  a r e  c l o s e  t o  the optimum eng ine  pa rame te r s  f o r  the 
bypass  r a t i o  4 eng ines .  However, the  s e a - l e v e l - s t a t i c  a i r f l o w  
of the two eng ines  a r e  d i s s i m i l a r .  The a i r f l o w  r e q u i r e d  f o r  the 
bypass  r a t i o  4 eng ines  i s  e q u a l  t o  t h a t  o f  the  optimum eng ine  a t  
1.0 hour s ,  b u t  a t  2 .0  hour s  it i s  23 p e r c e n t  l ess  t h a n  f o r  the 
optimum engine .  T h i s  was the main r e a s o n  f o r  c o n s i d e r i n g  the 
bypass  r a t i o  4 eng ines .  Note t h a t  the a i r f l o w  reduc t ion ,  when 
s w i t c h i n g  from the optimum e n g i n e s  t o  the bypass  r a t i o  4 engine ,  
is n o t  n e a r l y  a s  l a r g e  a t  2.0 hour s  a s  it was f o r  the J P  turbo-  
f a n s  cons ide red  i n ’ f i g u r e  2 .  However, even a 23 p e r c e n t  reduc-  
t i o n  i n  a i r f l o w  should  r e l i eve  some of the i n s t a l l a t i o n  problems 
by r e d u c i n g  the eng ine  d i ame te r .  

Summary o f  t u r b o f a n s u s i n g  J P  and H2 f u e l .  - Most o f  the con- 
c l u s i o n s  drawn so f a r  can be s e e n  more c l e a r l y  by examining f i g -  
u r e  6. I n  f i g u r e  6, b o t h  weight  f a c t o r s  and b o t h  f u e l  t y p e s  a r e  
shown. The f i g u r e  o f  m e r i t  i s  p l o t t e d  v e r s u s  T4 f o r  a f i x e d  
c r u i s e  t i m e  o f  1 .0  hour s .  

It  i s  obvious from t h e  s l o p e  o f  the cu rves  t h a t  the e f f ec t  
t h a t  T4 h a s  on the f i g u r e  o f  meri t  i s  indeed  sma l l .  These s m a l l  
b e n e f i t s  should  be viewed a s  the b e s t  t h a t  can be achieved  
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beoause no weight  or c o o l i n g  a i r  b l e e d  p e n a l t i e s  were a s s e s s e d  a t  
high tur;bine-inlet-temperatures. The a c t u a l  improvement over the 
r e s p e c t i v e  T4 r a n g e s  was 8.75 p e r c e n t  f o r  JP and 11.0 p e r c e n t  for 
H2 a t  a weight  f a c t o r  o f  1.0. O n , t h e  o t h e r  hand, r educ ing  engine  
weight  by 50 p e r c e n t  improves t h e  figure o f  merit by 23.5 p e r c e n t  
f o r  JP and 26.7 p e r c e n t  f o r  H2 a t  2500' F (1370Q C). 
e n g i n e s  mean s h o r t e r  l i f e  f o r  the engines ,  t h i s  may be a c c e p t a b l e  
since t h e  b o o s t e r  w i l l  p robab ly  make no more than  25 t r i p s  p e r  
yea r .  

i n  f i g u r e  o f  merit o f  any o f  the methods s t u d i e d .  A t  2500" F 
(1370O C) H2  improves t h e  f i g u r e  o f  merit by 46.5 p e r c e n t  and by 
47,O p e r c e n t  f o r  weight  f a c t o r s  o f  1 .0  and 0.5, r e s p e c t i v e l y .  

If l i g h t e r  

Using H2 f u e l  i n s t e a d  of  J P  y i e l d s  t h e  l a r g e s t  improvement 

The effect  o f  changes i n  a i r b r e a t h i n g  engine  system weight  
on the l i f t - o f f  gross weight (WGm) of  t h e  e n t i r e  s h u t t l e  aan be 
a p p r e c i a t e d  w i t h  the a i d  o f  r e f e r e n c e  1. Reference  1 i n d i c a t e d  
t h a t  WGw changes a t  t h e  r a t i o  of  5 t o  1 f o r  each  i n c r e m e n t a l  
change i n  b o o s t e r  burnout  weight. T h i s  assumes a f i x e d  payload  
( o r b i t e r  weight)  and v e l o c i t y  a t  t h e  s e p a r a t i o n  o f  b o o s t e r  and 
o r b i t e r .  For example, i f  the r e q u i r e d  t h r u s t  of t h e  t u r b o f a n  
e n g i n e s  i s  assumed t o  be 100 000 pounds (45 359 kg) t o t a l  f o r  f o u r  
engines, t h e n  a s w i t c h  from iTP t o  H2 s a v e s  36 000 pounds (16 300 
kg) i n  eng ine  and f u e l  weight  f o r  a T4 of  2500' F (1370' C) and a 
weight  f a c t o r  o f  1.0. T h i s  cor responds  t o  a r e d u c t i o n  i n  WGLO:of 
180 000 pounds (81  500 kg) based on t h e  5 t o  1 r a t i o .  

4 

ORB ITER 

A l l  the e n g i n e  performance c a l c u l a t e d  for t h e  o r b i t e r  w a s ' a t  
s e a - l e v e l  and Mach 0 . 3  where the n e t  t h r u s t  r e q u i r e d  was 20 000 
pounds (9160 kg) .  T u r b o j e t s  and t u r b o f a n s  a r e  d i s c u s s e d  i n  t h i s  
s e c t i o n  o f  the r e p o r t  and i n  t h a t  o r d e r .  The t u r b o j e t s  a r e  o p t i -  
rni2e.d u s i n g  J P  and H2  f u e l  b u t  o n l y  H2 f u e l  i s  used f o r  the t u rbo -  
f ans .  A t  t h e  end o f  t h i s  s e c t i o n  t h e  t u r b o j e t s  and t u r b o f a n s  a r e  
compared w h i l e  u s i n g  H 2 .  The c r u i s e  t i m e  span s t u d i e d  for t h e  
o r b i t e r  was e s s e n t i a l l y  from 0.05 hour s  t o  0 .5  hour s .  

. - I n  f i g u r e  7,  the f i g u r e  o f  merit is 
or JP f u e l e d  t u r b o j e t s  a t  the tempera- 

twes no ted .  For a weight  f a c t o r  o f  1.0, the f i g u r e  o f  merit i s  
better a t  2500' F (1370' C) t h a n  a t  2100' F (1148' C ) .  However, 
as time i n c r e a s e s  the g a i n s  from t h e  h i g h e r  T4 dec rease  uneiil a$ 
0 .25  h o u r s  there is  no d i f f e r e n c e  between t h e  curves. Consider- 
ing the cu rves  f o r  a weight f a c t o r  of  0.5, it can be seen  t h a t  
higher T4 y i e l d s  v e r y  l i t t l e  improvement a t  s h o r t  t imes  and 
a c t u a l l y  degrades  the f i g u r e  of  merit a t  times g r e a t e r  t h a n  0.15 
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hours .  
weight  p e r  pound o f  t h r u s t ,  b u t  the  SFC i n c r e a s e  o f f s e t s  t h i s  g a i n .  
No weight o r  c o o l i n g  a i r  b l e e d  p e n a l t i e s  have been a s s e s s e d  ~ P J J  

. . I  

+_I ' 4  

Reducing eng ine  weight by one-half  improves the f i g u r e  of ( ,  

The higher T4 does r educe  t h e  engine  s i z e  and the engine  

a g a i n s t  the  h igh- tempera ture  eng ines .  ,- , < , - - ,  ' 

meri t  by 32.3 p e r c e n t  a t  0.05 hour s  and 17 .0  p e r c e n t  a t  0.25 hourse 
f o r  a T4 of 2500' F (1370' C ) .  If these l i g h t e r  eng ines  mean-- 1 1 

shorter eng ine  l i f e  t h a n  f o r  normal c r u i s e  engines ,  t h i s  may be ea.: 

a c c e p t a b l e ,  S ince  o r b i t e r  c r u i s e  t i m e  i s  s h o r t e r  t h a n  b o o s t e r  t i m e ,  
I eng ine  l i f e  may be somewhat l e s s  impor t an t .  

* I  

The optimum d r y  t u r b o j e t , e n g i n e  pa rame te r s  a r e  shown i-q f i g u r e  
8 f o r  a J P  f u e l e d  eng ine  a t  a T4 of  2500O F (1370' C) and it -weight 
f a c t o r  (of 1 . 0 . ,  The compressor p r e s s u r e  r a t i o  i n c r e a s e s  f rom ll.;5 
a t  0.05 hours t o  17 .5  a t  0.25 .hours .  Over the same t i m e  ~ p a n ~ ~ t I ; l e  I 

SFC d e c r e a s e s  f rom 1.18 t o  1.06 and the s e a - l e v e l  s t a t i c  a i r f l o w  
needed t o  meet the assumed t h r u s t  r equ i r emen t s  a t  c ru i s . e .dec reases  
from 216.5 t o  209.0, lb/sec (98.3 t,a 94.8 kg/sec) . 
r e q u i r e d  j s  s m a l l  enough s o  t h a t  ,problems r e l a t e d  t o  eng ine  diame,tedr 
a r e  minimal.  The cru ise ,  t h r u s t - t o - w e i g h t  r a t 4 0  v a r i e s  from 10.2 tr0 

, ' l  > . ' % >  1 
Usjng H2, f u e l  and re-opt imiz&ng the d r y  t u r b o j e t  y i e l d s  . the , 

The airf$ow 

8 .6  a s ,  time. i n c r e a s e s  gram ,0.05 $ t o  0.25 hoyr s .  , * , i ; .  

resuJts ,  shown i n  f i g u r e  9.  Note the r ange  o f  T4. For a weight 
f a c t o r  o f  1 .0 ,  ,a T4. o f  35000 F (.1925' C) was best  u n t c i l , a  c r u i s  
t i m e  of 0.25 h o u r s  where the y a l u e s  o f - T 4 , s t u d i e d  no. l onge r  had ~ I 

1 9  an effFc;t on the  f igu r , e  of, merit.  r a , ,  I ,  

I 

A t  a weight f a c t o r  of  0.5, a T4 o f  3500' F (1925' C ) " i s  aga in  
best  a t  s h o r t  c r u i s e  t imes .  But a t  t imes g r e a t e r  t h a n  0.14 hour s  
a T4 o f  2500' F (1370' C) i s  a c t u a l l y  be t t e r .  T h i s  f i g u r e  demon- 
s t r a t e s  a g a i n  t h a t  a r e d u c t i o n  i n  eng ine  weight of  50 p e r c e n t  
shows more improvement i n  the f igure  o f  mer i t  t h a n  i n c r e a s i n g  T4 

2 s  by 1000' F (555' C ) .  1 .  

. I  r 

The ,optimum eng ine  pa rame te r s  f o r  the H2 ' fue led  t u r b o j e t  
eng ines  are  p l o t t e d  i n  f i g u r e  10, f o r  a weight  f a c t o r  of 1 . 0  apd a ~ 

T4 of 2,500' F (1370' C ) .  Cqmparing them t o  the J P  turboj -e t s  show-s 
t h a t  the H2 f u e l e d  t u r b o j e t s  ach ieve  good S F C , a t  lower compressor  
p r e s s u r e  r a t i o s .  The - r e s u l , t i n g  sear level-static a i r f  Luws are. si,&- 
l a r  b u t  the  cruise- thrust--Lo-weight  r a t i o s  of  the  H2 f u e l e d  turb-o- , 

j e t s  a r e  h i g h e r  t h a n  t h o s e  of the J P  f u e l e d  t u r b o j e t .  
shown :gar the des ign  pa$rameters  aye a e a s o n a b l e  and probably  w i l l  
n o t  c a u s e  severe des ign  o r  i n s t a l l a t i o n  problems. I 

The v a l u e s  

t r  

S u w a r y  o f  t u r b o . j e t s  us inE J P  and H? f u e l .  - F i g u r e  11 sum- 
mar i zes  the r e s u l t s  o f  the d r y  t u r b o j e t  s t u d y  f o r  a c r u i s e < t i m , o f  
0.25 hour s .  Both f u e l  t y p e s  a r e  shown a t  b o t h  weight f a c t o r s  and . 
t h e  f i g u r e  of m e r i t  i s  p l o t t e d  v e r s u s  T4. 

I i i t  . A  

f ' . I  
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Changing T 4  w i t h i n  the r a n g e s  shown y i e l d s  no improvements 
i n  the f i g u r e  of  merit a t  a weight f a c t o r  o f  1 . 0  f o r  e i ther  f u e l .  
I n c r e a s i n g  T4 w i t h i n  the l i m i t s  shown a c t u a l l y  causes  a s l i g h t  
deg rada t ion  i n  the f i g u r e  of  merit a t  a weight f a c t o r  of 0.5 f o r  
b o t h  fue ls .  Again, engine  weight and c o o l i n g  a i r  b l e e d  were n o t  
a f u n c t i o n  of T4.  
engine  a i r f l o w .  For example, i n c r e a s i n g  T4 over  the r ange  shown 
f o r  each  f u e l  a t  a weight  f a c t o r  of  1.0,  r e d u c e s  the sea - l evg l -  
s t a t i c  a i r f l o w  from 254 t o  210 l b / s e c  (115 t o  95 kg/sec) f o r  J P  
and from 203 t o  148 lb / sec  (92 t o  67 kg) f o r  H2.  Whether t h i s  
much change i n  a i r f l o w  is  impor t an t  i s  u n c l e a r  a t  t h i s  t i m e .  

The o n l y  b e n e f i t  o f  higher T4 i s  a s m a l l e r  

Changing the weight  f a c t o r  from 1 . 0  t o  0.5 produces a marked 
improvement i n  the f i g u r e  of  m e r i t .  The improvements were 19.7 
and 1 7 . 1 p e r c e n t  f o r  J P  a t  2100O F and 2500° F (1148 and 1370' C), 
r e s p e c t i v e l y  and 23.8 and 19.0 p e r c e n t  f o r  H2 a t  2500° F and 3590' F 
(1370 and 1925' C ) .  
f a c t o r  of 1 . 0  and a T4 o f  2500O F (1370' C) p rovided  an improvement 
of 46 p e r c e n t .  The re fo re ,  hydrogen can p rov ide  s i g n i f i c a n t  irnprove- 
ments e v e r  J P  f o r  t u r b o j e t s  i f  there  a r e  n o t  any l a r g e  weight  
p e n a l t i e s  i n  the  engine  or  f u e l  system. 

Swi tch ing  from J P  t o  H2 f u e l  a t  a weight 

A change i n  o r b i t e r  burnout  weight can be t r a n s l a t e d  i n t o  a 
change i n  W G w  o f  the e n t i r e  s h u t t l e .  For  a f i x e d  payload  and 
s t a g i n g  v e l o c i t y  the r a t i o  of  change i n  WGLO t o  change i n  o r b i t e r  
burnout  weight  i s  shown t o  be abou t  20 t o  1 i n  r e f e r e n c e  1. 
Based on an e s t i m a t e d  t o t a l  o r b i t e r  c r u i s e  t h r u s t  of 80 000 pounds 
(36 250 kg) f o r  f o u r  eng ines ,  s w i t c h i n g  from J P  t o  H2 w i l l  save  
14 000 pounds (6350 kg) a t  a T4 of  2500O F (1370' C) and a weight  
f a c t o r  of  1 .0 .  A t  the  r a t i o  of 20 t o  1, t h i s  s a v i n g s  i n  the 
o r b i t e r  a u x i l i a r y  engine  and f u e l  weight  means t h a t  the  WGLO of 
the s h u t t l e  could  be reduced  by about  280 000 pounds (127 000 kg) .  
If the s h u t t l e  weighed 4 000 000 pounds (1 810 000 kg),  t h i s  
would be a 7 p e r c e n t  weight r e d u c t i o n .  O r  l ook ing  a t  it ano the r  
way, a 1 4  000 pound (6350 kg) s a v i n g s  i n  o r b i t e r  weight  i s  the same 
a s  an e q u a l  payload  i n c r e a s e  i f  the payload volume and s h u t t l e  WGLO 
a r e  unchanged. 

Turbofan u s i n g  H2  f u e l .  - Dry t u r b o f a n s  were a l s o  ana lyzed  f o r  
the o r b i t e r  u s i n g  H2  f u e l .  I n  f i g u r e  1 2 ,  the f i g u r e  o f  m e r i t  f o r  H2 
f u e l e d  t u r b o f a n s  a t  a weight  f a c t o r  of 1 . 0  and a T4 of 2500O F 
(1370' C) is p l o t t e d  v e r s u s  o r b i t e r  c r u i s e  time. The e f f ec t  of  T4, 
weight  f a c t o r ,  and f u e l  t y p e  a r e  n o t  shown s i n c e  a l l  o f  these 
effects  a r e  e s s e n t i a l l y  the same a s  shown f o r  t u r b o f a n s  i n  the 
b o o s t e r  s t a g e .  The f i g u r e  of  m e r i t  f o r  the  optimum t u r b o f a n  v a r i e s  
from 0 . 1  a t  0 . 1  hour s  t o  0.192 a t  0 .5  houys.  The l e v e l  i s  somewhat 
be t t e r  t h a n  it was f o r  the t u r b o j e t  a s  w i l l  be d i s c u s s e d  l a t e r .  

There a r e  three o t h e r  c u r v e s  on t h i s  f i g u r e  l a b e l e d  bypass  
r a t i o  2, 3, and 4. These eng ines  have been opt imized  a t  the bypass  
r a t i o s  shown, b u t  i n  c o n t r a s t  t o  the p a r t i a l l y  opt imized  b o o s t e r  
eng ine  c a l c u l a t i o n s ,  the c o r e  p r e s s u r e  r a t i o  was f i x e d  a t  9.0.  
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Only the fan  p r e s s u r e  r a t i o  and a i r f l o w  were allowed t o  opt imize  
a t  v a r i o u s  times. A t  t i m e s  o f  0.25, 0.325, and 0.52 hour s  f o r  the 
bypass  r a t i o s  o f  4, 3, and 2 ,  r e s p e c t i v e l y ,  the eng ines  opt imized  
s o  a s  t o  g ive  a c o r e  c o r r e c t e d  a i r f l o w  of 50 lb/sec (22.6 kg/sec).  
S ince  the co re  p r e s s u r e  r a t i o  and c o r r e c t e d  a i r f l o w  was c o n s t a n t  
a t  these three t i m e s ,  these eng ines  a l l  u t i l i z e  the same core .  
S t r a i g h t  l i n e s  were drawn through the t h r e e  p o i n t s  a t  the s l o p e  
a s  determined from the SFC. These a r e  the cu rves  l a b e l e d  bypass  
r a t i o  o f  2 ,  3, and 4. They a r e  s t r a i g h t  l i n e s  because the eng ines  
a r e  n o t  r eop t imized  w i t h  t i m e  a s  a l l  the p a r t i a l l y  opt imized  
eng ines  were f o r  t h e  b o o s t e r .  

The  p reced ing  c a l c u l a t i o n s  were prompted by the f a c t  t h a t  
o f t e n  manufac turers  w i l l  b u i l d  one c o r e  eng ine  t o  be used with 
s e v e r a l  f a n s  f o r  d i f f e r e n t  purposes .  The p r e s e n t e d  c a l c u l a t i o n s  
demonst ra te  t h a t  i f  such a c o r e  were a v a i l a b l e ,  s e v e r a l  s p e c i f i c  
f a n s  could  be d r i v e n  by it which would g i v e  r e s u l t s  a lmost  a s  
good tis the t r u l y  optimum eng ines .  The p r e s s u r e  r a t i o  and cor- 
r e c t e d  a i r f l o w  o f  the c o r e  compressor were chosen because t h e y  
were s i m i l a r  t o  those of  s e v e r a l  modern- day c o r e  engines .  

The cu rves  i n  f igure  1 2  demonst ra te  t h a t  the bypass  r a t i o  4 
eng ine  has been degraded o n l y  5 . 0  p e r c e n t  a t  0.25 hour s  compared 
t o  the optimum eng ine .  The o t h e r  f i x e d  bypass  r a t i o  eng ines  a r e  
s l i g h t l y  i n f e r i o r  t o  the  bypass  r a t i o  4 engine .  

The pa rame te r s  cor responding  t o  the optimum eng ines  and the 
bypass  r a t i o  2, 3, and 4 eng ines  a r e  shown i n  f i g u r e  13.  Any one 
o f  the eng ines  looks s a t i s f a c t o r y  from the s t a n d p o i n t  of  d e s i g n  
parameters .  However, i f  s e a - l e v e l - s t a t i c  a i r f l o w  is of  concern 
because  of engine  d i ame te r s ,  the lower bypass  r a t i o  eng ines  
r e q u i r e  l ess  a i r f l o w  - 

Summary of t u r b o j e t s  and t u r b o f a n s  u s i n g  H? f u e l .  - Figure  1 4  
summarizes the s t u d y  made f o r  the o r b i t e r .  The f i g u r e  of mer i t  i s  
p l o t t e d  v e r s u s  des5gn T4 f o r  H2 f u e l e d  t u r b o j e t s  and tu rbofans  a t  
b o t h  weight  f a c t o r s  f o r  a c r u i s e  time of  0.25 hour s .  

Changing T4 from 2500 t o  3500O F (1370 t o  1925' C) o f f s e t s  
the f i g u r e  of  mer i t  v e r y  l i t t l e  a t  e i t he r  weight f a c t o r  and f o r  
e i ther  engine .  B e n e f i t s  o f  h i g h - t u r b i n e - i n l e t  t empera tu res  a r e  
t h e r e f o r e  n e g l i g i b l e  excep t  f o r  the  r e d u c t i o n  i n  engine  a i r f l o w  
which it can ach ieve ,  Changing the weight f a c t o r  from 1 . 0  t o  0 - 5  
h e l p s  the f i g u r e  of  m e r i t  s i g n i f i c a n t l y .  The improvements a re  
23.8 p e r c e n t  a t  2500O F (1370O C) and 19.0 p e r c e n t  a t  3500' F 
(1925O C) f o r  the  t u r b o j e t ,  For t h e  t u r b o f a n ,  the improvements 
a r e  25.8 p e r c e n t  and 23.3 p e r c e n t  a t  the same t empera tu res .  

The improvement i n  the f i g u r e  of  mer i t  when s w i t c h i n g  from a 
t u r b o j e t  t o  a t u r b o f a n  i s  34.2 p e r c e n t  a t  2500' F (1370O C) and a 

1 2  
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weight f a c t o r  of 1 .0 .  
i n  a u x i l i a r y  engine  and f u e l  weight f o r  the o r b i t e r  i f  the n e t  
t h r u s t  f o r  f o u r  eng ines  i s  assumed t o  be 80 000 pounds (36 200 kg).  
Using the growth f a c t o r  of  20 t o  1 from r e f e r e n c e  1, th i s  weight  
s a v i n g s  means a s a v i n g s  o f  1 1 2  000 pounds (50 700 kg) i n  WGm of  
the  e n t i r e  s h u t t l e .  If WGLO was f i x e d ,  the  5600 pound (2535 kg) 
weight s a v i n g s  cou ld  be t u r n e d  i n t o  an e q u a l  amount of  payload 
i n c r e a s e  p r o v i d i n g  the payload volume d i d  n o t  i n c r e a s e .  Regard less  
o f  bow it is  viewed, t h e  o r b i t e r  weight i s  v e r y  impor t an t  and eve ry  
p o s s i b l e  means of  l i g h t e n i n g  t h e  o r b i t e r  should  be i n v e s t i g a t e d .  

T h i s  means a s a v i n g s  of  5600 pounds (2535 kg) 

CONCLUDING REMARKS 

A u x i l i a r y  a i r b r e a t h i n g  eng ines  f o r  a two-stage rocket-powered 
space  s h u t t l e  were s t u d i e d  a n a l y t i c a l l y .  The s h u t t l e  was composed 
of a b o o s t e r  f i rs t  s t a g e  and an o r b i t e r  second s t a g e .  The purpose 
of t h i s  s t u d y  was t o  d e f i n e  the engine  c y c l e  c h a r a c t e r i s t i c s  t h a t  
minimize the weight  of engine  p l u s  f u e l  a t  any g iven  l e n g t h  of 
c r u i s e  time. Only t u r b o f a n  eng ines  were examined f o r  the b o o s t e r ,  
b u t  t u r b o j e t s  and t u r b o f a n s  were examined f o r  the o r b i t e r  s t a g e .  

The two f u e l  t y p e s  used i n  the s t u d y  were kerosene  (JP) and 
l i q u i d  hydrogen (Ha) . The des ign  turbine-inlet-temperatures 
i n v e s t i g a t e d  ranged from 2100 t o  2500O F (1148 t o  1370' C) f o r  J P  
and from 2500 t o  3300' F (1370 t o  1925O C) f o r  H2. Two weight  I 

t echnology l e v e l s  were used.  .One leve l  corr,esponded t o  1 9 7 2 ,  cruise 
eng ines  ( i . e . ,  a new engine  going  i n t o  service i n  1972).  The o t h e r  
technology l eve l  cap be viewed a s  an advanced technology c r u i s e  
eng ine  going  i n t o  service much l a t e r  t h a n  1972 o r  a 1972 c r u i s e  
eng ine  which h a s  been l i g h t e n e d  50 p e r c e n t  w i t h  a somewhat s h o r t e r  
eng ine  l i f e .  C r u i s e  t imes were up t o  two hour s  f o r  the b o o s t e r  
and up t o  30 minutes  f o r  the o r b i t e r .  Cru i se  a l t i t u d e  and Mach 
numbers were 20 000 f e e t  (6100 m) and 0.4 f o r  the b o o s t e r  and sea-  
l e v e l  and 0.3 f o r  the o r b i t e r .  

T h i s  was a p r e l i m i n a r y  s t u d y  and a s  such d i d  n o t  c o n s i d e r  non- 
s t a n d a r d  days,  t a k e  o f f  and f e r r y  r equ i r emen t s ,  engine-out  r e q u i r e -  
ments, and o€f des ign  performance.  

It was found t h a t  u s i n g  H2 f u e l  i n s t e a d  of  JP  gave about  45 
p e r c e n t  improvement i n  the f i g u r e  of  m e r i t  f o r  the b o o s t e r  a t  c r u i s e  
t i m e s  of 1 . 0  t o  2.0 hour s .  The improvement was between 35 and 45 
p e r c e n t  f o r  the  o r b i t e r  a t  times from 0.05 t o  0.25 hour s .  No 
weight p e n a l t i e s  were assumed f o r  s w i t c h i n g  from J P  t o  H2 f u e l .  

Reducing the engine  weight by 50 p e r c e n t  from the c r u i s e  engine  
l e v e l  improved the f i g u r e  of  m e r i t  by about  20 t o  25 p e r c e n t .  
These l igh ter  eng ines ,  presumably w i t h  s h o r t  l i f e ,may  be  adequate  
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f o r  t h e  space s h u t t l e  a p p l i c a t i o n  s i n c e  t h e  c r u i s e  t imes  a r e  s h o r t  
and few t r i p s  a r e  planned p e r  y e a r .  

Turbofan eng ines  were found more a t t r a c t i v e  t h a n  t u r b o j e t s  
f o r  t h e  o r b i t e r  s t a g e  a p p l i c a t i o n .  When t u r b o f a n s  were used 
i n s t e a d  of t u r b o j e t s ,  t h e  f i g u r e  o f  m e r i t  improved by about  35 
p e r c e n t .  Turbofan eng ines  t h e n  a r e  v e r y  a t t r a c t i v e  f o r  b o t h  
s t a g e s  i n  terms of f u e l  p l u s  engine  weight .  However, many of t h e  
optimum t u r b o f a n  eng ines  r e q u i r e d  bypass  r a t i o s  a s  h i g h  a s  15. 
Th i s  could  be of  concern from s e v e r a l  s t a n d p o i n t s  such a s  engine  
i n s t a l l a t i o n  and d rag  p e n a l t i e s .  The re fo re ,  it is  worth n o t i n g  
t h a t  c o n s i d e r a b l e  d e p a r t u r e  from t h e  optimum des igns ,  t o  accommo- 
d a t e  these f a c t o r s  and/or t o  u t i l i z e  an e x i s t i n g  engine ,  can be 
t o l e r a t e d  wi thou t  major weight  i n c r e a s e s .  

Only s m a l l  improvements were found when d e s i g n - t u r b i n e - i n l e t  
t empera tu res  were i n c r e a s e d .  R a i s i n g  t h e  t empera tu re  f rom 2100 
t o  2500O F (1148 t o  1370O C) f o r  J P  f u e l e d  eng ines  gave improve- 
ments no g r e a t e r  t h a n  10  p e r c e n t  i n  t h e  f i g u r e  o f  m e r i t .  I n  some 
cases ,  the f i g u r e  o f  m e r i t  a c t u a l l y  dec reased  a s  t h e  t empera tu re  
was i n c r e a s e d .  When the t empera tu re  was i n c r e a s e d  from 2500 t o  
3500° F (1370 t o  1925O C) f o r  t h e  H2 f u e l e d  eng ines ,  t h e r e  was 
u s u a l l y  an improvement i n  t h e  f i g u r e  of  merit.  But a t  b e s t ,  t h e  
improvements were s m a l l  compared t o  t h o s e  ob ta ined  through u s i n g  
H2  f u e l  o r  by r e d u c i n g  eng ine  weight  by 50 p e r c e n t  from t h e  c r u i s e  
engine  l e v e l .  
were charged a g a i n s t  t h e  h i g h e r  d e s i g n - t u r b i n e - i n l e t  t empera tu re  
engines ,  it was ‘concluded t h a t  i n c r e a s i n g  t h e  design-  t u r b i n e -  i n l e t  
t empera tu re  beyond 2500° F (1370O C) was n o t  an e f f e c t i v e  way t o  
improve t h e  f i g u r e  of  merit.  However, it may be worth c o n s i d e r i n g  
i f  engine  des ign  a i r f l o w  needs t o  be dec reased  i n  o r d e r  t o  reduce  
t h e  s ize  o f  t h e  engine .  

S ince  no p e n a l t i e s  i n  engine  weight  o r  c o o l i n g  b l e e d  

The opt imized  h y p o t h e t i c a l  eng ines  r e p r e s e n t  g o a l s  a g a i n s t  
which t o  measure e x i s t i n g  eng ines .  They a l s o  i n d i c a t e  what 
d i r e c t i o n  m o d i f i c a t i o n s  might t a k e  i n  o r d e r  t o  make e x i s t i n g  
eng ines  more s u i t a b l e  f o r  t h e  space  s h u t t l e .  And f i n a l l y ,  w i t h i n  
t h e  l i m i t a t i o n s  o f  t h i s  r e p o r t ,  t h e y  p r o v i d e  t r e n d s  i n  des ign  
pa rame te r s  t h a t  a r e  d e s i r a b l e  should  a new engine  be developed.  

Lewis Research Center ,  
N a t i o n a l  Aeronau t i c s  and Space Admin i s t r a t ion  

Cleveland,  Ohio, A p r i l  30, 1970 
1 2  6- 15- 13 
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1. Anon.: Study of Integral  Launch and Reentry Vehicle System. Vol. 4: 
Second Phase Design and Subsystems Analysis. Rep. SD-69-573-4, 
North American Rockwell Corp. (NASA CR-102105), Dec. 1969. 
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